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Triggered single photon emission

• A single electron source is not interesting but a single photon source is very interesting:

Photons are bosons Electrons arefermions

• Due to the Pauli exclusion principle fermions tend to be alone, while bosons tend to be 
together.

• By achieving triggered single photon emission bosons are made to behave like fermions, 
hence:

� Nonclassical Light Emission

A. �mamo� lu, Y. Yamamoto, Phys. Rev. Lett. 72, 210 (1994)
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Coulomb blockade of electron/hole tunneling in mesoscopic pn-
junction

A. �mamo� lu, Y. Yamamoto, Phys. Rev. Lett. 72, 210 (1994)
J. Kim et al. Nature 397, 500 (1999)

~50 mK temperatues are 
necessary
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Triggered Single Photon Emission Based on a Single Two-Level
Emitter

Nonclassical light emission

Photon Antibunching – Proof of a Two-Level Emitter
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Young’s Double-Slit Experiment

�deal, monockromatic light
source r1

r2

d

L

d<<l

L>>l

z
q

r

( )( )tkri
r
E

trE w-= 1
1

11 exp),(

( ))(exp),( 2
2

22 tkri
r
E

trE w-=



9

p
l
p

=z
L
d2

p
l
p

3
2

=z
L
d

d
L

z
l

=D

Young’s Double-Slit Experiment

{ }{ }),(),(Re2),(),(
2
1

),(),(
2
1

21
*2

2

2

10

2

210 trEtrEtrEtrEctrEtrEcI ++=+= ee

Intensity recorded on the screen

Interference Term

( )( )rk
r
E

cI D+�
�

�
�
�

�» cos1
2
1

2

0e
)cos(

21 J
d

rr -»

)cos(
22 J
d

rr +» L
dz

dr =»D )cos(J



10

Degree of First Order Coherence
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Degree of First Order Coherence
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Degree of First Order Coherence
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Coherence Functions

We cannot distinguish a classical light source from a non-classical light source using the
Young’s Double-Slit Experiment.

All the coherence functions should be measured for proper characterization of a light
source.
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Degree of Second Order Coherence – Classical Fields
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Degree of Second Order Coherence – Classical Fields

Some Observations:
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Degree of Second Order Coherence – Classical Fields

For chaotic light: Many atoms emitting, 
monochromatic light while colliding with each other.
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Photon bunching !
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Degree of Second Order Coherence – Quantized Fields
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Degree of Second Order Coherence – Quantized Fields
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Hanbury-Brown and Twiss Experiment
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Ideal detectors ideal intensity correlation function

Coincidence detection

In practice detectors have a dead time following the single photon detection, this is overcome
by using two detectors in the Hanbury-Brown Twiss configuration
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Single Photon Detectors

Silicon Avalanche PhotoDiode

Maximum spectral range 200-1100 nm
High quantum efficiency ~60 %
Relatively large dead time ~10 ns

Maximum spectral range 200-800 nm
High quantum efficiency ~30 %

Maximum spectral range 800-1600 nm
High quantum efficiency ~60 %

InGaAs Avalanche PhotoDiode
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Hanbury-Brown and Twiss Experiment
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Single Photon Generation Using a Single Dipole

Pulsed Laser Excitation of a Single Two-Level Emitt er
(Single quantum dot, single molecule, single N vacancy in diamond, single atom, single ion)

WP

0

1

Gspon

Experimentally difficult to separate the turnstile photons from the pulsed laser

R. Brouri et al., Phys. Rev. A 62, 063817 (2000)

pppp-pulse is necessary when there is no dephasing

Incoherent excitation
large dephasing limit
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Single Photon Generation Using a Single Dipole
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Single Photon Generation Using a Single Dipole – Incoherent
Excitation

g

e

hnPulsed laser

J.-M. Gérard, and B. Gayral, IEEE J. Lightwave Tech. 17, 2089 (1999).
S. Raymond, K. Hinzer, S. Fafard, and J. L. Merz, Phys. Rev. B 61, 16331(R) (2000).

~ 20 ps

~ G=1-6 ns

i

Pulsewidth << 1/G

Single InAs quantum dots

• Short free carriers lifetime + slow relaxation from level |e>

� vanishing probability of re-excitation after first photon emission

• Predominantly radiative recombination
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Model Using Atomic Projection Operators
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Photon Antibunching from a Dephased Two-Level 
Emitter

Wp1 G1
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Dephased two-level emitter can be analyzed in the 
rate equation limit :
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Photon Antibunching from a Dephased Two-Level 
Emitter
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Dephased Three-Level Cascade Ssystem
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Demonstration of Cases 3 and 4
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Triggered Single Photon Emission – Dephased Two-Level Emitter
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Triggered Single Photon Emission – Dephased Two-Level Emitter

Wp1(t) G1

0

1

G
(2

) (t
)

W
p1

(t
)

tt



37

Outline

� Triggered Single Photon Sources

� Fluctuations Properties of Light

� Single Photon Generation Using a Single Dipole

� Review of Available Experimental Systems

� Single Quantum Dots

� Single dye molecules

� Single N-V centers in diamond

� Single Atoms

� Single Ions

� Electrical Pumping

� Practical Issues

� Selected Applications

� Summary



38

Single Quantum Dot

J.-M. Gérard, and B. Gayral, IEEE J. Lightwave Tech. 17, 2089 (1999).
S. Raymond, K. Hinzer, S. Fafard, and J. L. Merz, Phys. Rev. B 61, 16331(R) (2000).
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Single Terrylene Molecule

B. Lounis and W.E. Moerner, Nature 407, 491 (2000)

Terrylene
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Single N-V Center in Diamond

C. Kurtsiefer, S. Mayer, P. Zarda, and H. Weinfurter, Phys. Rev. Lett. 85, 290 (2000)

Single N (nitrogen) – V (vacancy) center
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Single Atom

A. Kuhn, M. Hennrich, and G. Rempe, Phys. Rev. Lett. 89, 067901 (2002)
J. McKeever et al., Science 303, 5666 (2004)

Single Cesium Atoms
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Single Trapped Ion

M. Keller et al., Nature 431, 1075 (2004)

Single Calcium Ions
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Electrical Pumping

Z. Yuan et al., Science 295, 102 (2002)
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Practical Issues

Problem 1: Low collection efficiencies can yield single photon sources which do not 
have a sub-Poissonian statistics

Problem 2: Absence of ideal photodetectors that can distinguish between 0, 1 and 2 
photons
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Photons Emitted by a Pulsed Laser

aa -= e
n

nP
n

!
)(

Photons emitted by a pulsed laser obey Poisson’s distribution

Probability of emitting n photons per pulse:

a: average number of photons emitted per pulse

Pulsed laser
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Photons Emitted by a Pulsed Laser

a = 25 a = 10

a = 0.1a = 1
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Single Photon Turnstile Device

Single photon turnstile device

Turnstile
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Pratik Problemler

a = 0.1

Attenuated laser Single photon source

Source of error

0.1*(500 MHz)=50 MHz

80 MHz pump laser repetition frequency

High collection efficiency required
for high single photon emission
rate

Typical single photon collection
efficiency < 50 %
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Solution – Optical Microcavities

Optical microcavities confine light in all 3 dimensions
They possess high quality, low volume resonances
They direct light in a specific direction

FabryFabry--PerotPerot
MiMiccrorocavitycavity

MiMiccropillarropillar
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Electrically Pumped Optical Microcavity Structure

Single photon emission rate: 4 MHz !

S. Strauf et al., Nature Photonics 1, 704 (2007)
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Quantum Physical Random Number Generator

Detection:  AXXAXAX...

Single photon
stream

50/50 beam
splitter

Single Photon Counter:
Digital 1

Single Photon Counter: 
Digital 0

Detection:  XAAXAXA...

Random Number:
1001010...
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Quantum Key Distribution
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Quantum Key Distribution - BB84 Protocol

Fiber-optic
cable

Experimental setup for Quantum key distribution. A, attenuator; BS, beam splitter; P-BS, Polarizing
beam splitter; EOM, Electro-optik modulator; D1, D2, D3, D4, single photon counters; FC, fiber coupler

Classical communication line
(e.g. internet)

Alice

EOMSingle photon
source

FC

YGA

Bob

l /4 
plate

D1

D2

D3

D4

P-YGA

P-YGA

FC

H,V 
detection

L,R 
detection

Synchronization
signal

H
V

L R
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Quantum Key Distribution - BB84 Protocol

11
Key shared by the two
parties

TrueFalseFalseTrueFalseAlice’s answer

LLCLCCL
Basis information that
Bob sends Alice

HVLHLRHBob’s measurement

LLCCLCCLL
Random basis selected
by Bob

RVHRLHRVL
Polarization of the
photon sent by Alice

CLLCCLCLC
Random basis selected
by Alice

110100110Bit sent by Alice



57

Quantum Key Distribution

Quantum cryptography realized under the lake between the town of Nyon, about 23 km north of Geneva,
and the center of the city.
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Two Photon Interference

0 probability for identical photons
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Two-Photon Interference
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entangled state

Two otherwise indistinguishable photons which enter a 50/50 beam splitter through
different input channels will leave through the same output channel
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Bosons Fermions

•First experimental demonstration using twin-photons  generated by parametric down conversion
C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett. 59, 2044 (1987).
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Two Photon Interference
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Linear Optics Quantum Teleportation
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A Brief Introduction to Linear Optics Quantum Computation

Two observations:

• Non-deterministic linear optics quantum computation is possible
• Probability of success can be increased arbitrarily close to 1

E. Knill, R. Laflamme, and G. J. Milburn, Nature (London) 409, 46 (2001).

Ideal photodetectors (n-photon detection)
Stringent requirements on single photon sources:

large total collection efficiency and 100% indistinguishability
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Nonlinear Phase Shift

210 210 aaay ++= 210 210 aaa -+

pppp

0

n

n 0

1

qqqq1

qqqq2
qqqq3

1

q1=22.5o , f 1=0o q2=65.5302o , f 1=0o q3=-22.5o , f 3=0o

y
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Conditional Sign Flip

ba ( ) baab1-

11100100 3321 aaaa +++ 11100100 3321 aaaa -++

Universal quantum gate – Proves the ability of quantum computation

101 = 010 =Qubits coded with two optical modes
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Conditional Sign Flip

NS-1

NS-1

45o -45o

1313
0220 +

1

2

3

4

Success rate 1/16

1
0

n 1
n 0

1
0

n 1
n 0

Q1

Q2

Proves nondeterministic quantum computation
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Two-Photon Interference Using a Single Photon Source

1
hn

hn 1

BS

Single photon
source

Single photon
source

)(ˆ)(ˆ)(ˆ)(ˆ),( 344334
)2( tatatatatG ttt ++= ++

3

4

1

2



68

Two-Photon Interference Using a Single Photon Source
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interference using the microscopic 
properties of the emitter7
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Incoherently Pumped Single Photon Source
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Incoherently Pumped Single Photon Source

Quantum Regression Theorem
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71
Normalization

� t=t
¥®

T

0

34
)2(

T
exp_34

)2( dt),t(G
~

lim)(G
~

Det.

Det.

hnnnnhnnnn

Coincidence Detection

A0 A1A-1

� �

� �

+

=
pulse

pulse

T

A
eeee

T

A

dtdtt

dtdtG

A
A

0

0

34
)2(

1

0

1

0

)(ˆ)(ˆ

),(~

ttss

tt

Normalized coincidence rate
A. Kiraz et al., Phys. Rev. A. 69, 032305 (2004).
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Effect of Dephasing
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Effect of Dephasing

21 y¹y

0)t(adte
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Single photon wavefunction

f (t): random function describing the pure dephasing
Gspon: spontaneous emission rate
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Single photons should possess
large coherence lengths !
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Two-Photon Interference Using a Single Emitter

Experimentally difficult to find two single emitters emitting at the same exact photon
frequency.

Instead use two photons subsequently emitted from a single emitter

Dt

hnhn
1

1

BS BS

Dt = Pulse separation



75

Two-Photon Interference Using a Single Emitter

C. Santori, D. Fattal, J. Vuckovic, G. S. Solomon, 
and Y. Yamamoto, Nature 419, 594 (2002) 
� Quantum dots

T. Legero, T. Wilk, M. Hennrich, G. Rempe, and A. 
Kuhn, Phys. Rev. Lett. 93, 070503 (2004) 
� Atoms
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Vibronic Excitation

Nuclear Coordinate

Zero-Phonon-Line

|S0 >

|S1 >

Room Temperature

absorption emission

Vibronic excitation was not much explored at the single molecule level at low temp eratures!

A. Kiraz et al., J. Chem. Phys. 118, 10821 (2003). 

Zero-phonon-line emission from a single molecule is highly coherent
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Terrylenediimide

 N N

O

O
O

O

O

Terrylenediimide (TDI)
Dimensions: 3.18nm x 0.92nm x 1.14nm

n-Hexadecane C16H34
Shpol’skii matrix
Semi-Crystalline
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Experimental Setup

Cryostat, 1.4 K

Counter APD

l exc

Pinhole

Scanning Fabry-Perot
Spectrum Analyzer

l /2 
plate

galvano optic scanner

Autoscan single mode
cw dye laser 565-615nm

Monochromator

CCD

APD

Spectral resolution:
1 MHz (excitation)  
35 GHz (monochromator)
15 MHz (spectrum analyzer)

Spatial resolution:
<1mm

Aspheric lens
NA = 0.55



80

Emission Spectrum
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A. Kiraz et al., J. Chem. Phys. (2003). 
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Emission Linewidth Measurements

A. Kiraz et al., Appl. Phys. Lett. 85, 920 (2004). 

T2 = 4.9ns coherence length
“Almost transform limited ZPL emission !”

1 scan with
500 ms integration time at each bin
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Experimental Setup

Cryostat

l exc

Pinhole

l /2 
plateAspheric lens

NA = 0.55
xyz piezo scanner

Autoscan single mode
cw dye laser 565-615nm

l /2 
plate

t0
t0+Dt

2
APD

A
P

D

Michelson Interferometer
TAC MCA

start

stop

Hanbury Brown and Twiss

Dt = 4.6 ns >> coherence length / 2
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Experimental Setup

l /2
plate



84

Two-Photon Interference Using cw Excitation
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Experimental Results
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Experimental Results
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Summary

At the end of this course I hope that you became familiar with: 

� The current status in single photon source research

Single photon sources are now very much real!

� The calculation of the second order correlation function of light emitted by a single dipole

� Quantum physical random number generator

� Quantum key distribution

� Linear optics quantum teleportation

� Linear optics quantum computation

� Two photon interference phenomenon
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